CH 2 D + , the singly deuterated counterpart of CH + 3 , offers an alternative way to mediate formation of deuterated species at temperatures of several tens of K, as compared to the release of deuterated species from grains. We report a longstanding observational search for this molecular ion, whose rotational spectroscopy is not yet completely secure. We summarize the main spectroscopic properties of this molecule and discuss the chemical network leading to the formation of CH 2 D + , with explicit account of the ortho/para forms of H 2 , H 
Introduction
CH + 3 is recognized as a key polyatomic molecular ion in astrophysical plasmas. It has been found in the innermost coma of comet Halley ? ? ? and is thought to be present both in diffuse and dense molecular clouds. ? Despite its importance, there is a lack of high-resolution spectroscopic data, primarily because of its polymerization in discharges. ? Laboratory infrared spectroscopy studies have first been conducted in Oka's group. ? More recently, threshold photoionization studies of the methyl radical and its deuterated isotopologues in the 9.5 -10.5 eV photon energy range have allowed to investigate the vibrational spectroscopy of their corresponding cations by using the easily tunable and powerful sources of radiation, provided by the third generation of synchrotron sources. ? Rotational spectroscopy of CH + 3 , however, cannot be achieved as its fully symmetric D 3h ground state planar structure does not allow for a permanent dipole moment.
Deuterium substitution of a hydrogen atom in CH + 3 breaks the symmetry and allows the presence of a small, but significant 0.3 D dipole moment, which gives potentially observable rotational transitions of CH 2 D + . Regrettably, the molecule is light and the rotational constants are large, producing a widely spaced level structure. Two independent recent laboratory studies ? ? have considerably improved our knowledge of the CH 2 D + rotational spectrum, which is now an entry in the CDMS database (Cologne Database for Molecular Spectroscopy) ? ? (http://www.astro.unikoeln.de/cdms/). CH + 3 does not react with molecular nor atomic hydrogen, as the corresponding reactions are highly endothermic. Nevertheless, molecular hydrogen can radiatively associate in a slow reaction where a temporary molecular complex CH + 5 is formed and stabilized through infrared emission.
Alternatively, CH
+ 3 can exchange a deuteron with HD, producing CH 2 D + , and offering an efficient pathway to deuteration, as will be discussed later. It may also react with other abundant neutral molecules, suggesting a natural gas-phase path to molecular complexity. 
have been derived from the infrared vibrational spectrum of these ions performed in the group of Oka. As a four atoms containing species, 6 vibrational modes are involved. For the fully substituted species CH + 3 and CD + 3 , the ν 3 stretching and ν 4 bending modes are doubly degenerate. Threshold photoelectron spectroscopy studies with highly tunable radiation sources provided by the new third generation synchrotron facility SOLEIL allow to record the photoionization spectra over a wide range of photoionization energies. All the vibrational frequencies of the methyl radical and its deuterium-substituded forms, as well as those of the corresponding ions have been reported by Cunha de Miranda et al., 2010. ? Additional theoretical quantum calculations are also documented by these authors. ?
We display the spectroscopic constants of the different deuterated isotopologues in Table 1 
Zero Point Energies (ZPEs)
Determining zero point energies (ZPEs) is important for predicting the relative stability of different isotopologues as they can be further used to determine the exothermicity of isotopic exchange reactions. Whereas ZPEs values are well known and documented for diatomics, as summarized in 
where ν 0 i is the harmonic frequency and the anharmonic constants χ i j are simple functions of the second, third and semi-diagonal fourth energy derivatives w.r.t. normal modes. One can then derive the expressions of the fundamental vibrational frequencies ν i and ZPE :
and
Different methods have been proposed to obtain improved ZPE's by combing the formulae including harmonic vibrations and fundamental vibrations. We follow the recent prescription ? for computing the ZPE of the methylium molecular ion:
The ZPEs of the deuterated substitutes of CH + 3 are estimated from the formula including the fundamental frequencies only, as no other information is available:
We also compute the corresponding value for CH 
With the values given in and selection rules in ortho/para transitions summarized in Oka, 2004, ? involving conservation of the total nuclear spin. We display in Table 3 the different fractionation reactions and measured reaction rate coefficients at two different temperatures. We also report our computed exothermicities ∆E, obtained from the previously determined ZPEs (Table 2 ) using fundamental vibrational frequencies: For an exothermic reaction R 1 + R 2 → P 1 + P 2 , the corresponding exothermicity is given by:
The exothermicities involved in CH 3−n D + n reactions with HD are typically larger than 300 K as previously reported, and we find that the first reaction of CH The measurements by Asvany et al. ? showed that the reaction rate coefficient of para-CH + 3 in para-H 2 buffer gas is much smaller than the value obtained with a He buffer gas involving Table 3 .
The deuterium exchange reaction between CH + 3 and HDO is found exothermic whereas ? ? quote it to be endothermic by a similar amount. We also find that the reaction between CH + 3 and DCN is exothermic. These last reactions have not been studied in the laboratory, but they may contribute to the general balance of deuterium exchange reactions in moderately warm environments.
Observations
CH 2 D + has several transitions which can be studied from the ground and Figure 2 Table 5 and are remarkably consistent in terms of line position and width between the two telescopes. We also report the frequency values derived by Amano ? who was able to detect pure rotational transitions at high frequencies, providing strong constraints on the subtle distortion constants involved in the model Hamiltonian. These values differ by less than 100 kHz from those reported in CDMS, which are deduced from high spectral resolution laser induced infrared spectra. ? ? The frequency agreement between our "observed" value and these predictions is excellent. Thanks to the higher spatial resolution available at IRAM and the higher signal to noise ratio, the 201 GHz feature may consist of 2 velocity components, the narrower one consistent with the value derived for the 278 GHz feature is much more localized. We thus tentatively conclude from our observations that the carrier of the detected transitions is CH 2 D + and occupies a very limited region. A FWHM source size of 11.5" is required to reproduce the IRAM and CSO spectra at 278 GHz. We explore the possible corresponding observational parameters for other transitions detectable with GBT and Herschel HIFI. Table 6 displays the predictions for the corresponding integrated intensities for different values of the excitation temperature and assuming an ortho to para ratio of 3, as expected in the high temperature limit. The predicted line intensities for the ortho 201 GHz transition are significantly smaller than the observed ones, which suggests a possible blend. A full account of these spectral features leads to an unrealistically high ortho to para ratio and we thus principally aim at reproducing the para 278 GHz observational parameters, as shown in Table 6 . The observed spectra are modeled using the myXCLASS software package 1 and the column densities are reported in Table 6 . Lis et al. ? have mapped the Orion A Molecular cloud at 350 µm and obtained a 5.67 7.5 10.5 N (para) (× 10 13 cm −2 ) 1.89 2.5 3.35 N (total) (× 10 13 cm −2 ) 7.6 10.0 13.9 maximum flux of 1300 Jy within a 12" beam. With a dust temperature of 55 K and an absorption coefficient of 10 cm 2 /g, the resulting H 2 column density is 1.35 × 10 24 cm −2 . Then, the resulting fractional abundance of CH 2 D + relative to molecular hydrogen is between 5.6 × 10 −11 and 1.0 × 10 −10 . The derived value is based on the 278 GHz para transition.
Astrochemical models
Astrochemical models, in which one solves the coupled differential equations describing the time evolution of the various chemical species resulting from formation/destruction chemical processes at one given temperature and density, allow to check the relevance of the proposed identification.
To address this point, we amended the chemical network used in Pagani et al., 2011 Pagani et al., , 2012 where ortho/para forms of H 2 , H 2 + , H + 3 and all their deuterated substitutes are considered separately in the chemical reactions. We introduced para/ortho forms of CH + 3 in order to take into account their different behavior in the presence of HD, as discussed previously and shown in Table   3 . The effect of the small energy difference between the two lowest para and ortho levels of CH + 3 (4.6 cm −1 ∼ 7 K) is, however, negligible in comparison with the exothermicities involved in the reactions. This differs from ortho-hydrogen, which has an energy of 118.5 cm −1 (∼ 170.5 K)
above the para level and can significantly reduce the deuterium fractionation efficiency in the H Figure 6 displays the time evolution of selected fractional molecular abundances, as well as the corresponding deuterium fractionation ratios for T = 50K and a molecular hydrogen density of 10 5 cm −3 . We find that the time evolution profiles of H 2 CO and CH + 3 exhibit a maximum around several 10 4 years, the so-called "early time" value, ? for which the value of the total CH + 3 fractional abundance is about 4 × 10 −10 , about two orders of magnitude higher than the steady state value, which is reached when the molecular fractional abundance becomes independent of the time scale.
We have verified that the location of the maxima and the corresponding fractional abundance values are similar, regardless of the initial condition (initial atomic or molecular hydrogen). The steady state values are reached at different times, depending on the considered molecules and are found to be independent on the initial conditions, as expected. The deuterium fractionation ratios at the early time peak are also significantly higher than the values at steady state, except for H 2 CO and CH + 3 where the ratios exhibit a small increase from the early time values up to steady state.
In order to test the density and temperature dependences, we display steady state results for density values n(H 2 ) = 10 4 and 10 5 cm −3 , at 3 different temperatures corresponding to medium warm environments in offers an alternative way of deuteration via gas phase processes in medium warm environments.
As expected, the ratio of deuterated molecules compared to the main isotopologue is a decreasing function of temperature. The deuteration ratios of HCN, HCO + and N 2 H + are in the 10 −3 -10 −4 range, whereas that of H 2 CO is several percent. However, as the fractional abundance of HCN is about fifty times higher than that of H 2 CO, even a smaller deuterium fractionation is observable, as shown in the DCN map displayed in Figure 5 . These results can support a possible detection of the CH 2 D + molecular ion under quite specific conditions: as the fractional abundances are small, a large column density of molecular hydrogen is required, a range of temperatures between 40 -60 K is adequate, and evolution times of several ten thousands years are propitious. Such requirements may be met in Orion IRc2.
Conclusions
We have presented a careful analysis of the gas phase chemistry associated with CH 
